Premature newborns are relatively deficient in stores of of human extracellular superoxide dismutase (EC-SOD) would preantioxidant vitamins A and E (7). Although relative pulmoserve alveolar development in hyperoxia-exposed newborn mice.
Failure of exogenous antioxidant enzyme prevention of oxia; newborn infant; transgenic mice BPD may be due to nonspecific effects or ineffective dose delivery to vulnerable lung compartments (14, 15) . OverexIn extreme prematurity, respiratory failure due to deficient pression of manganese superoxide dismutase (SOD) conalveolar development and surfactant production could be ferred superior survival in hyperoxia-exposed transgenic complicated by diminished antioxidant stores and enzymatic adult mice (16) . antioxidant inducibility (1) . Inflammatory responses to periWe recently demonstrated protection from hyperoxia in natal infection or lung injury cause further cellular damage human extracellular SOD (hEC-SOD) transgenic hyperoxiaby increasing oxidant and proteolytic reactions. Bronchopulexposed adult mice that typically express two-to threefold monary dysplasia (BPD) remains a common complication of increases in total EC-SOD activity over wild-type littermates extreme prematurity, despite advances in surfactant therapy (17) . In contrast, EC-SOD knockout mice had increased morand intensive care. It has recently been characterized as a failtality and lung injury when exposed to hyperoxia (18) . ECure of complete alveolar development (2). Proposed mecha-SOD may confer the particular advantage of targeting the nisms include oxidant damage to biomolecules that lead to vulnerable extracellular milieu of the lung epithelium, potenindirect effects on cell proliferation. Hyperoxia impairs alvetially providing superior protection against oxidant-mediated olar formation (3) , and the relative deficiency of antioxidant cellular injury, as recently suggested by Berrington and coldefenses may render 21% Fi O 2 "hyperoxic" in premature leagues (14) . This may permit normal proliferation and differnewborns (4) . Inflammation contributes by effects of leukoentiation in newborns, which is known to be inhibited by cyte-mediated proteolytic enzymatic cellular damage and by hyperoxia (19) . releasing oxygen radicals produced during the respiratory To determine whether sustained expression of EC-SOD burst that further oxidize biomolecules (5). Oxidant injury would promote normal lung development during severe oxiand inflammation are thought to be dominant mechanisms dative stress, we evaluated the effect of transgenic overexin the pathogenesis of BPD (6).
pression of hEC-SOD in a mouse model of hyperoxiainduced chronic lung disease. In this model, newborn mice are exposed to Fi O 2 ϭ 0.95 at birth for 1 week and then recovered at Fi O 2 ϭ 0.6 for two more weeks to induce an (Received in original form February 12, 2002 ; accepted in final form September 30, 2002) oxidative and inflammatory insult followed by more indolent oxidative stress.
Nursing dams were alternated between air and oxygen-exposed litters (21). Animals were killed with 150 mg/kg intraperitoneal sodium pentobarbital after exposure. Genotype analysis was performed using polymerase chain reaction (17) . Body weights, survival, and lung weights were recorded.
EC-SOD Expression by Activity
Tissues from three or four mice in each treatment group were weighed and homogenized in a buffer containing an anti-protease cocktail (see details in the online supplement). Supernatants obtained after centrifugation were pooled and passed over a concanavalin-A Sepharose column to isolate EC-SOD, and activity was measured three or four times by inhibition of xanthine/xanthine oxidase-mediated cytochrome c reduction, as described previously (17) .
EC-SOD Expression by Immunoblot
Lungs were homogenized, and 20 g total lung protein from each animal was analyzed by western blotting, detected with anti-mouse EC-SOD or anti-human EC-SOD as described in the online supplement.
EC-SOD Expression by Immunohistochemistry
Lungs from five mice in each treatment group were fixed as described previously (22) . Sections from inflation-fixed lung were immunostained for hEC-SOD. We evaluated the histochemical signal as described previously using rabbit anti-human EC-SOD 1:3,000 and detected them with biotinylated goat anti-rabbit 1:4,000 (23) . Preimmune rabbit serum was used as a control for the EC-SOD immunostaining.
Total and Oxidized Glutathione
Total and oxidized glutathione was measured in lung homogenates from a minimum of four pups/treatment group by high-performance liquid chromatography according to a procedure slightly modified from Paroni and coworkers (24).
Bronchoalveolar Lavage
Five wild-type and five trangenic pups/treatment group underwent bronchoalveolar lavage (BAL) to determine cell counts using 0.5 ml 0.9% sodium chloride, 1 mM ethylenediamine tetraacetic acid, and Figure 1 . (A ) Total (mouse ϩ human) EC-SOD activity in hyperoxiarepeated four times before pooling (25). Total cell counts from BAL exposed wild-type and transgenic newborn mice at 7 days. Mean ϩ fluid were counted in a hemacytometer, then cells were cytocentrifuged, SD of three or four replicate measurements from pooled samples, n ϭ and Wright stained. At least 300 cells were counted to obtain a differen-4 per group, *p value less than 0.05 versus wild-type, † p value less than tial leukocyte cell count. 
Myeloperoxidase
EC-SOD, 10 g protein/lane (lower) in wild-type versus transgenic, air Myeloperoxidase activity was measured spectrophotometrically in versus 95% oxygen ϫ 7 days. whole lung homogenates from five animals/treatment group by reaction with o-dianisidine dye using a microplate assay described previously (21, 22) . all pups were killed and lungs inflation-fixed and sectioned as described previously. Survival, body weights, and lung weights were measured.
Chronic Hyperoxia Exposure
Five animals/treatment group were evaluated morphometrically to determine alveolar surface density and alveolar volume density as estiIn other animals, after 7 days air or hyperoxia, the Fi O 2 in the hyperoxia groups was reduced from 95 to 60% until age 21 days, at which time mates of surface area and alveolar number, as described previously and 
Statistical Analysis
Groups were compared using analysis of variance, and a post hoc Tukey-Kramer test was performed to determine statistical differences. We accepted p values less than 0.05 as significant, assuming an ␣ error ϭ 0.05 and ␤ error ϭ 0.10. Analysis was performed using JMP Software version 3.2 (SAS, Cary, NC).
RESULTS

Effects of Acute Hyperoxia on Newborn Mouse Body and Lung Weights
There was no mortality in the air-exposed groups. At 7 days, 95% oxygen exposure resulted in 17% mortality for wild-type and 15% for transgenic mice (p ϭ 0.50, not significant) and decreased body weight in both genotypes: wild-type 2.9 Ϯ 0.6 g, n ϭ 56, versus transgenic 2.8 Ϯ 0.3 g, n ϭ 62 (mean Ϯ SEM). Genotype had no effect on lung weight.
**p ϭ 0.036, ***p ϭ 0.013, hyperoxia-exposed transgenic versus hyper-EC-SOD expression. We found that EC-SOD activity in airoxia-exposed wild-type.
exposed transgenic mice was more than double the activity compared with wild-type littermates, as shown in Figure 1 . This increase was further induced by hyperoxia at 7 days in transgenic mice. Immunoblotting showed that human EC-SOD was dein the online supplement (26). Activities of EC-SOD were measured tected only in the transgenic mice, but mouse EC-SOD was in lung homogenates pooled from four animals/treatment group to detected in both wild-type and transgenic mice. Hyperoxia had achieve adequate detection. Whole lung myeloperoxidase measureno effect on either human or mouse EC-SOD protein expression ments were made in five animals/treatment group as in the acute hyperoxia studies referred to previously.
measured by immunoblot (Figure 1 ). In the transgenic newborn mice, hEC-SOD immunohistochemical expression was primarily ure 7). Hyperoxia-exposure induced an additional increase in total EC-SOD activity compared with air-exposed transgenic located in alveolar epithelium and also in bronchiolar epithelium (Figure 2) . No hEC-SOD immunostaining was seen in wild-type animals. Hyperoxia had no effect on EC-SOD activity in wildtype littermates. littermates.
Glutathione. Total glutathione in lung homogenates was increased by hyperoxia exposure at 7 days but less so in EC-SOD DISCUSSION transgenic mice. Lung homogenates from mice exposed to hyperOverexpression of human EC-SOD in hyperoxia-exposed adult oxia for 7 days had elevated oxidized glutathione compared with mice confers improved survival and decreased inflammation air-exposed mice. The elevation in the EC-SOD transgenic mice (17) . In our model of chronic lung disease, we sought to use a was slightly less than in the wild-type mice. Hyperoxia-exposed sublethal injury that shares some features of human chronic transgenic mice had significantly lower levels of oxidized and lung disease, namely oxidant stress, inflammation, and impaired reduced glutathione than hyperoxia-exposed wild-type litteralveolar development (16) . We found that overexpression of mates ( Figure 3) .
human EC-SOD targeted to pulmonary epithelium partly preInflammation. Transgenic mice exposed to hyperoxia for 7 vented glutathione oxidation, and reduced hyperoxia-induced days showed a qualitative reduction in the inflammatory cell ininterstitial and airway inflammation at 7 days. Later alveolar filtrate and preservation of septal integrity (Figure 4 ). Hyperoxia development-as determined by alveolar surface and volume increased BAL leukocyte accumulation in both wild-type and density-was preserved in hEC-SOD transgenic mice exposed transgenic mice, but transgenic mice had significantly reduced to hyperoxia for 21 days. BAL leukocytes compared with wild-type littermates. Transgenic EC-SOD expression may confer particular protection against hEC-SOD expression also prevented accumulation of MPO activity in whole lung homogenates from hyperoxia-exposed mice compared with wild-type littermates.
Chronic Hyperoxia
Survival, body and lung weights. Chronic hyperoxia impaired growth: hyperoxia, 8.9 Ϯ 0.4 g, n ϭ 15, versus air, 11.4 Ϯ 0.7 g, n ϭ 22, p value less than 0.001. Genotype had no effect on body weight or lung weight at 21 days in either air or hyperoxia exposure. After 21 days, lung wet weights were similar in air and hyperoxia exposed groups, hyperoxia, 97 Ϯ 3 mg, versus air 89 Ϯ 5mg, n ϭ 14/group p ϭ 0.16. There were no differences in late mortality in wild-type versus transgenic hyperoxia-exposed mice.
Alveolar development. There were no differences in surface density or volume density between 21-day air-exposed wild-type and transgenic mice. Hyperoxia exposure for 21 days significantly reduced alveolar surface density and alveolar volume density in wild-type mice but not in EC-SOD transgenic mice ( Figure 5) .
Inflammation. Tissue myeloperoxidase accumulation was similar among all groups at Day 21 (Figure 6 ). There was a trend toward decreased myeloperoxidase accumulation in the hEC-SOD transgenic animals in both treatment groups, but this did not reach statistical significance.
EC-SOD activity. EC-SOD transgenic mice maintained ele- Figure 6 . Effect of hEC-SOD overexpression on lung myeloperoxidase vated total lung EC-SOD activity at 21 days. Transgenic animals accumulation in hyperoxia-exposed newborn mouse at 21 days. n ϭ had more than threefold the activity levels of those observed in by exogenous catalase in vitro can abrogate the effect of cellular mitogens, as recently reviewed by Jankov and coworkers(30). Potential effects of SOD on hydrogen peroxide-mediated signaling would likely depend greatly on the timing, concentration, and location of hydrogen peroxide. Hyperoxia induced even higher levels of total EC-SOD activity in the transgenic animals at 7 and 21 days. The transferred hEC-SOD gene is under control of the human SP-C promoter in the transgenic mice. It is known that hyperoxia induces increased SP-C messenger RNA in mice, and we speculate that similar mechanisms may be enhancing the human SP-C promoter-controlled transgenic EC-SOD overexpression (31, 32) . In contrast, human EC-SOD protein levels measured by immunoblot did not appear to be induced by hyperoxia, but this was not strictly quantified. Cellular protein processing in the transgenic mice may alter the EC-SOD activity without changing the total lung EC-SOD accumulation. The wild-type littermates showed no hyperoxia-induced changes in either EC-SOD activity or mouse EC-SOD accumulation in whole lung.
We conclude that overexpression of hEC-SOD in neonatal mice protects against hyperoxia-induced inflammation at 7 days and impairment of lung development at 21 days. Although the specific mechanism is still unclear, it likely includes preservation cell death and alveolar destruction. Newborn mice exposed to hyperoxia for 21 days showed maintenance of both alveolar volume and surface density. We speculate that correctly targeted SOD overexpression will prevent adverse effects of oxidant oxidant stress. Mutant mice lacking EC-SOD are more susceptistress on lung development and may protect lung development ble to hyperoxia-induced injury and inflammation (18) . Transin newborns at risk to develop BPD. Overexpression of EC-SOD preserved lung development 85-124. during oxidative stress, evident as partly preserved alveolar sur- surface density between air-exposed newborn wild-type and 
